Abstract-The conditions of formation of deep periodic trenches by photoelectrochemical etching of n Si (100) with linear seeds on the surface are analyzed. Criteria for the proper choice of the period of seed grooves and the etching current density in relation to the doping level of the substrate are formulated. Corrugation of walls is a characteristic feature of the obtained structures; this corrugation is caused by traces of merged macropores. Atomic force microscopy is used to study roughness of the side walls in relation to the etching conditions; the current density at which one can obtain the smoothest side walls is determined. The rough ness of the side walls in structures with periods of 7 and 9 μm on Si with the resistivity of 15 Ω cm amounts tõ 40 nm. It is shown that additional treatment of the structures in alkaline solutions can decrease the side wall roughness by approximately a factor of 2.
INTRODUCTION
Silicon based periodic structures with deep trenches are widely used in various devices of inte grated optics and photonics. These structures can be used as waveguide arrays, as an efficient anisotropic medium, as 1D photonic crystals, and as waveguides for controlling light within an integrated circuit. Pre viously, 1D photonic crystals with vertical walls and a large aspect ratio between the depth and width of the trench were fabricated by the method of anisotropic etching of silicon wafers with orientation (110) [1] . Studies of optical characteristics of such photonic crystals showed that they can be successfully used in the mid IR region of the spectrum [2, 3] . Later, simi lar structures were obtained using photoelectrochemi cal etching (PECE) of silicon with (100) orientation [4] [5] [6] [7] ; previously, this method had been mainly used to obtain a 2D periodic lattice in macroporous silicon [8] [9] [10] . The advantages of the PECE method as com pared to anisotropic etching consist in the use of a sub strate with the standard (100) orientation, in the absence of a necessity to precisely orient the pattern of the photomask with respect to crystallographic axes, and the possibility of fabricating simultaneously the trenches and macropores in a unified process [11, 12] . However, the quality of the walls of the structures obtained by the PECE method is conventionally lower that in the case of trench containing structures obtained by anisotropic etching; in the latter case, sil icon edges are formed by optically smooth crystallo graphic planes (111).
The aim of this study was to gain insight into the conditions of etching and subsequent treatment, which make it possible to use the PECE method to obtain 1D structures with smooth walls.
MAIN SYSTEMATIC FEATURES OF FORMATION OF 1D STRUCTURES
In Fig. 1 , we show the results of electron micros copy study of a trench structure fabricated using the photoelectrochemical etching of n Si (100) with the resistivity ρ ≈ 15 Ω cm; linear nucleation centers in the form of seeding grooves were formed on the surface of this structure (see the inset in Fig. 1a) .
The deep trenches shown in Fig. 1 were formed as a result of the coalescence of pores the traces of which give rise to corrugation of walls' surfaces (see also Fig. 2 ). The magnitude of roughness of the walls is an important parameter that controls optical characteris tics of a 1D photonic crystal, since irregularities vio late the coherence of optical waves reflected from the walls. This is especially evident in the case of reflection waves with short wavelengths, in which case the rough ness of the surface is found to be comparable to the wavelength of the optical wave [13, 14] . Formation of trenches from discrete macropores can be illustrated by the scheme shown in Fig. 3 etching current density j/j ps is increased, the distance between discreet pores decreases along the lines of seeds A || with subsequent coalescence of these pores (j ps is the critical current density corresponding to the transition from the bivalent solution of silicon to tet ravalent one; i.e., to transition from pore formation to electrical polishing [8, 9] ).
It has been established [15, 16] that the diameters of macropores in a semi regular lattice is a constant quantity that is independent of either current or the period of seeding grooves d ≠ f(j, a). Thus, a siliconelectrolyte system tends toward the formation of macropores with a certain diameter d characteristic of silicon with a specified resistivity. The low boundary for coalescence of pores corresponds to the condition that the mean distance between pores along the row A || = d, while the upper boundary corresponds to the trench width, which exceeds the macropores' diame ter w = 2d by twofold; the latter condition corresponds to the situation in which a trench is formed from a double row of pores. The main rules for obtaining the trench structures amount to the following two condi tions [7] :
where a is the period of seeding grooves and is the average distance between macropores in the self orga nizing lattice (the result of etching of a sample without seeds on the surface). In order to determine , we can use the mnemonic rule ≈ . Thus, to obtain a high quality trench structure, one has, first of all, to reconcile the distance between seeding grooves with the level of silicon doping. The cause of large rough ness of the walls may be either incomplete coalescence of macropores (Fig. 4a) or the effect of twinning, i.e., formation of trenches of a double row of macropores ( Fig. 4b ). Consequently, a trench structure with rela tively smooth walls is formed only in a certain range of current densities (2).
In Fig. 5 , we show the dependences j/j ps = f(a) for the upper and lower boundaries of the etching current at which the trench structure is formed [7] . The gray painted region between these boundaries is defined by inequality (2) . The middle of range (2) corresponds to the relative current density (3) and only approximately indicates which current den sity should be used in etching. To determine the opti mal value of current at which roughness of the walls is at a minimum, we conducted studies based on the use of atomic force microscopy (AFM) and scanning electron microscopy (SEM).
A STUDY OF THE ROUGHNESS OF WALLS IN RELATION TO THE CURRENT DENSITY DURING ETCHING
The initial material in the experiment was n Si (100) with the resistivity ρ = 15 Ω cm; for this material, = 8 μm and d = 3 μm. A good ohmic contact for photo electrochemical etching was provided by ion implan j j ps
1.4d
a ≈ a tation doping with phosphorus of the rear side of the silicon wafer. A plasmochemical oxide in which nar row and long windows oriented along the direction 〈110〉 were formed using a photomask was used as a mask for formation of the pattern of seeding grooves. At the sample surface, there were four zones with dif ferent period of seeding grooves a = 7-13 μm (for details, see [7] ). For studies, we chose structures with periods a = 7 and 9 μm, which are close to the average value of for self organizing macropores in the PECE array; the structures were studied employing an ET and TE setup and using a water-alcohol solution con taining 4% of hydrofluoric acid, at a temperature T = 20°C, and at the voltage at the Si-electrolyte interface equal to 1-2 V. The depth of etching was 200-300 μm. In order to compensate for the effect related to a decrease in the HF concentration in the depth part trenches, we used a correction of the current density in time, which ensured the fulfillment of the condition j/j ps = const [8] . Such correction is efficient in the case of discrete macropores, keeping their diameter con stant over the depth, but does not ensure the equal roughness of the walls in the trench structures. As a rule, the surface of the upper part of the wall was found to be smoother, while vertical grooves are observed in the relief of the lower part (see, for example, Fig. 2 ). Prior to experimental studies, the obtained struc tures were cleaved along trenches; typically, a portion of the wall at a depth of 120 μm from the upper surface of the sample was chosen. Obtained cleavages were studied using an OPTEM optical microscope with a Mitutoyo objective lens, making it possible to attain a resolution of 1 μm in the plane, and using an Integra Aura atomic force microscope produced by the NTMDTCo. (Russia). The AFM studies were con ducted under resonance conditions with an average force of interaction of about 1 nN. We used NSG01 and HA NC commercial probes with a radius of tip curvature no larger than 30 nm in both cases, with of characteristic resonance frequencies 150 and 120 kHz, and with force constants 5 and 3.5 N/m, respectively.
In Fig. 6 , we show the topography of the relief of the walls formed at different current densities of PECE. The arrays of data forming the image were pro cessed with a gradient filter, which made it possible to clearly reveal the fine features of the relief. Vertical grooves observed in all three images are the traces of macropores and are oriented along the crystallo graphic direction 〈100〉. As the relative current density of etching is increased, the height of irregularities var ies nonmonotonically. At small values of j/j ps (Fig. 6a) , the large roughness of the wall is related to incomplete coalescence of pores and, at large values of j/j ps , the large roughness is apparently related to the initial stage of twinning.
The results of the AFM study of wall surfaces for structures that had periods of 7 and 9 μm and were fab ricated in a wide range of current densities are shown in Fig. 7 .
It can be seen from Fig. 7 that the dependence RMS = f( j/j ps ) is nonmonotonic: the smoothest walls with the smallest RMS ≈ 40 nm are formed in the range of current densities 0.34 < j/j ps < 0.44. The roughness sharply increases on both sides of this range. Thus, the optimal value of the current density corre sponds to j/j ps = 0.39, which is smaller than the value j/j ps = 0.525 calculated using formula (3). Taking into account that j ps = 31 mA/cm 2 , we obtain j = 12 mA/cm 2 as a result of our measurements; the latter value is twice as large as the current density 6 mA/cm 2 optimized for etching of discrete macropores in silicon with the same electrical conductivity [17] . It is worth noting that the roughness of the walls is extremely sen sitive to even small changes in parameters of the struc ture. For example, in an SEM image of the walls for structures with different periods (Fig. 2) etched in a single process at the current density amounting to j/j ps = 0.41 close to the optimal value, we can clearly see the difference between the surface morphologies. Structures with the period 7 μm feature smoother walls than do structures with the period 9 μm, in spite of the fact that condition (1) is satisfied in both cases.
ADDITIONAL TREATMENT OF TRENCH STRUCTURES IN ALKALINE SOLUTIONS
To smooth further the walls' surface of the struc tures formed in the course of PECE, we studied the methods of alkaline etching. The side surfaces of the trench structures are formed by {110} planes. In order to smooth the relief of these surfaces, one should use an alkaline anisotropic etchant, which etches the (110) planes with a rate lower than that for etching of other crystallographic planes. Typically, an alkaline solution etches the Si (111) crystal plane with the low est rate, while a ratio between the etching rates of the (100) and (110) planes can be controlled [18, 19] . Conventionally, solutions with a high concentration of KOH are used for etching of Si; etching is carried out at high temperatures, in which case the etching rate R {100} < R {110} . This relation can be reversed by lowering the temperature of the process in combination with the addition of isopropyl alcohol or its isomer pro panol [20] . As was shown previously [18] , such addi tives make it possible to smooth silicon surfaces formed by different crystallographic planes. Nilsson et al. [21] managed to reduce the roughness of vertical walls formed by (110) planes in structures obtained by the method of dry reactive ion etching (DRIE), from 70 to 30 nm, using treatment of structure's walls in an aqueous solution containing 3M of KOH and 2M of isopropyl alcohol.
Our experiments with smoothing of the walls were carried out using structures with the period of 7 μm Table 1 .
A solution containing 2.7% of KOH was chosen for studies of variations in the roughness of the walls with the etching time. The experiments were carried out using the structures with the period of 9 μm, fabricated at the current density j/j ps = 0.35. The initial sample featured a predominantly vertical corrugation, which coincided with the direction of growth of the pores (Table 2 ). In the case of short durations of the chemi cal treatment, vertical grooves disappear, which brings about a decrease in the roughness of the surface; how ever, transverse corrugation in the 〈110〉 direction appears with the amplitude increasing as duration of the treatment is increased. Formation of the etch pat terns elongated along the 〈110〉 direction is conven tionally observed in the case of treatment of polished surface of the (110) wafers in an alkaline solution [22] . It can be seen from the data in Table 2 that the optimal duration of treatment was about 1 h. This duration is sufficient for smoothing the initial corrugation; at the same time, the duration of the process is not suffi ciently long for development of a deep relief oriented in the horizontal direction. The important conclusion here amounts to the statement that there are parame ters of additional treatment of trench structures in alka line solutions such that they can be used to smooth the roughness of the walls by approximately a factor of 2.
5. CONCLUSIONS Thus, it is established that the range of current den sities in etching at which smooth walls are obtained in trench structures is narrower than that following from criterion (2) reflecting only the condition for coales cence of pores into a unified trench and the absence of twinning. The roughness of walls in the structures obtained by the PECE method can be decreased using additional treatment in an alkaline solution with addi tion of propanol; however, the obtained roughness of the walls at a level of ~25 nm is still higher than that in the trench structures obtained by the method of aniso tropic etching of silicon (110) (RMS ≤ 6 nm).
